The last Faraday Society Discussions on Electrode Processes were held in 1947 and marked the onset of an extensive fruitful post-war development of fast reaction techniques in electrochemistry. Considerable information has since been obtained on rate constants of simple inorganic electron transfers, paralleling a similar development in homogeneous reactions, and on electron transfer theory. A theoreticallybased relation exists between the two areas.
I N T R O D U C T I O N A N D SURVEY
The last Faraday Society Discussions on Electrode Processes were held in 1947 and marked the onset of an extensive fruitful post-war development of fast reaction techniques in electrochemistry. Considerable information has since been obtained on rate constants of simple inorganic electron transfers, paralleling a similar development in homogeneous reactions, and on electron transfer theory. A theoreticallybased relation exists between the two areas.
It has often been noted that the Faraday Society Discussions have marked a turning point in a field. The area of organic reactions at electrodes has been somewhat on the periphery of the field of organic chemistry, its relation to the subject of metal-catalyzed organic syntheses notwithstanding. The papers of the present Discussions illustrate, perhaps for the first time as a body, the rich variety of studies in the present field and a role for current organic concepts.
The papers may be loosely classified into the following overlapping categories.
PRIMARILY THEORETICAL.-Hoytink, on energetics of reactions of aromatic ions leading to excited states and applications of electron transfer theory; Mehl and Hale, on reactions at the interface of an anthracene electrode and an electrolyte and applications of the same electron transfer theory; Hush and Segal, on the stability of CH3F-relative to CH3F and possible implications for electron transfer with bond fission ; and Parsons, on the role of adsorption on reaction schemes and current-potential plots. Other papers employ several current theoretical concepts of physical-organic chemistry.
msoRPTioN. 
T H E O R E T I C A L REVIEW. W E A K -O V E R L A P E L E C T R O N T R A N S F E R S
In the organic reactions considered in this Discussion there are those for which existing weak-overlap electron transfer theory might suffice, in some cases with due allowance for the role of adsorption, and those (usually atom or proton transfers) in which the electronic interaction of the reactants is large. More specifically, the mechanism in the former case can be described in terms of the properties of two potential energy surfaces, one for the reactants and one for the products.2 The weak interaction causes a small splitting in the intersection region ( fig. 1 ). In the second case, the interaction is so large that the potential energy profile now resembles one of the alternatives in fig. 2 . It is pertinent, therefore, to review several aspects of these problems. In passing, one notes that the adsorption studies include those where the interest is centred on the adsorption phenomenon itself and those designed to find simple conditions for detailed kinetic investigation of reaction mechanisms. We first recall that for weak-overlap electron transfer reactions the following theoretical relation has been derived and that there are a number of experimentally interesting consequences.2.
where p is of the order of unity ; 2 is the collison number (-1014 cm3 mole-1 sec-l for homogeneous reactions and -lo4 cm sec-l for electrode reactions) ; K is a transition probability, being unity for quantum mechanically adiabatic reactions ; w ' is the work required to transport the reactions (or reactant plus electrode) together ;
A/4 is an " intrinsic barrier ", related to the barriers of certain isotopic exchange reactions ; A is AF"' + wp -w' for homogeneous reactions and is n,F(E-E") + wp -w'
for electrode reactions, where n, is the number of electrons transferred. One set of corollaries of the equation arises because of an additivity property of 1 and permits one to deduce relations such as (2.3) to (2.5) and capable of experimental test 2 * s : k12 ~(kllkl2~12.f-12)% (2.3)
where k12 is the homogeneous reaction rate constant for cross-reaction,
K12 is its equilibrium constant in the given medium, kil is the rate constant for the isotopic exchange reaction,
f12 is a known function of k l l , k22, K12 and arises from the A2/4A term in the expansion of (2.2), k,, and kel,E are the rate constants of (2.8) at E = E"' and at any fixed E, respectively, where AF,* is the intercept at AF"' = 0 of a plot of -RT In k against AF"'. A related expression is obtained for electrode reactions.
Eqn. (2.2), which has a variety of consequences, has been derived with varying degrees of generality. However, underlying each derivation are two principles, which might be termed " conservation " and " quadratification ". The former is revealed in various ways. For example, the function P&), related to the orientation polarization at each point r in the medium when the system is an activated complex, was shown to be given by where ~1 proves to be aAF*/aAP"' in the homogeneous system and dAF*/d[n,F(E-E"') in the electrode reaction one. (E' and EP are electrical fields ; a, is a susceptibility.) Again, a more general (statistical mechanical rather than dielectric continuum) treatment of the environment yields (2.1 1) for the effective potential energy governing the Boltzmann-weighted configurational distribution of the activated complexes in many-dimensional configuration space, i.e., of systems at the intersection of the two surfaces in fig. 1 
and Up are the potential energies of a system possessing the charge distribution of reactants and that of the products, respectively.] Thus, there is " conservation ", in the sense of a " give and take " between the properties of U' and those of Up, or between E ' and EP.
The " quadratification " arises from two of the approximations made in deriving (2.2). One is that the vibrational motion within the co-ordination shells of the reactants is harmonic (or, over the change of distances involved, can be treated as that of an equivalent harmonic oscillator). Thereby, the vibrational potential energy is a quadratic function of fluctuations in vibrational co-ordinates. The second assumption is that the surrounding medium can be treated as dielectrically unsaturated, i.e., that the free energy of the system is a quadratic function of fluctuations in dielectric polarization of the medium.
We note further that for weak-overlap electron transfer reaction the theoretical interpretation for the Bronsted slope, aAF*IaAF"', or for its electrochemical counterpart aAF*/a[n,F(E-E"')], is where q is the reaction co-ordinate and the averages { ) are over the activated complexes in the many-dimensional configuration space, distributed in a Boltzmann population.8 a = ( a~' /~q ) / ( ( a u ' l a q > -WJ"laq)), (2.12) 
THEORETICAL R E V I E W . ATOM A N D P R O T O N T R A N S F E R S
A somewhat different situation confronts us for atom transfers, proton transfers, or very-strong-overlap electron transfers. Now, the usual splitting of reactants' and products' potential energy surfaces is so large in the activated complex region that a discussion of mechanisms based on intersecting surfaces and on a calculation of their properties there is no longer meaningful. Thus, quantities such as the slopes aUr/8q and aUP/aq are no longer well-defined, and one must seek elsewhere for a (3.4) As noted earlier, the theoretical constructs associated with two intersecting potential energy surfaces should now be replaced by others. At the present time, resort must be made to approximate treatments. (Even the three-electron system, H+H,+H,+H, is only now beginning to yield to more exact approaches.) One simple model is the bond-energy bond-order model of H. S. John~ton.~ He assumed that the total bond order in (3.1) was constant along the reaction path, ultilized bond order-bond energy relations, found the potential energy maximum along the path, and calculated activation energies using paranieters obtained from non-kinetic data. He obtained reasonable agreement with the data.
This model offers a simple method for exploring some of the topics cited earlier. The model obeys, incidentally, the conservation theme described earlier, the " conservation " now being one of a bond order. Recently, we showed l o that calculations of potential energy barriers based on the Johnston model are well-approximated by (2.2), even though the potential energy profile along the reaction co-ordinate now has a vastly different shape ( fig. 2b) . Correspondingly, for atom transfers, when there are only minor solvation corrections and when the entropy changes cancel or are minor, (2.2), and its consequences such as (2.3) and (2.9) once again obtain.lO. However, theoretical interpretation of the Bronsted slope a is now different. It was shown to be l o where is the bond order of the BA2 bond being formed in the activated complex of reaction (3.1). That is, the interpretation of a no longer depends on quantities such as aU'/i?q, which are not meaningful for the present profiles, but is expressed instead in terms of properties of the new model, bond orders in the present instance.
When large solvation changes occur, as in proton transfers, there can be two contributions to the barrier. One involves desolvation of one Ai and solvation of the other in reaction (3.1). (Now, B is Hf there.) A second involves the barrier, if any, for the gas-phase proton transfer. The treatment of these reactions in solution is currently being explored by us using a combination of a method used for gas-phase proton transfers and one related to that employed for treating solvation in electron transfers. In the meanwhile, (2.2) has been used as a conjecture to analyze data on proton transfers, Bronsted slopes, and kinetic isotope effects.I2 While the possible applicability of related theoretical considerations to the electrode reactions (3.2)-(3.4) has not yet been explored, we intend to investigate this problem. Experimental kinetic data for various electrode reaction series on these reactions and on analogous homogeneous reactions would provide a useful guide in analyzing this somewhat complex theoretical situation.
I shall conclude this section with an example relating homogeneous and electrochemical results on reduction of acetophenones.
The polarographic wave for + R *+X-C 6H4-COR-CH3
(3.7) The slope of kinetic plots, log k, against ox, where ox is Mammett's substituent constant for substituent X, is designated by pc. The slope of the E i against cx plot for reaction (3.6) can be written analogously as (2.3 RT/n,F)p,,. (This per, which has the same units as pc, differs from that defined in ref. (14) by a factor of 2.3 RT/neF.) If the principal effect of the X in reaction (3.7) were to alter the AFO' for that reaction, changes in AF"' would be equal to changes in ,!?+ in (3.6), assuming the difference of chemical potentials of the radicals in the right hand side of (3.6) and (3.7) to be independent of X. Thus, the Bronsted slope for reaction (3.7) can now be written as
aAF:
2-3RT 8 log k,/do, 
C O N C L U S I O N
The papers of the present Discussion illustrate a rich variety of mechanistically interesting reactions in the field of organic reactions at electrodes. Some are presumably weak-overlap electron transfers, for which existing theory may suffice, with detailed analysis of adsorption when needed. Some are atom transfers involving concerted or dissociative bond rupture (i.e., SN2 or S~I , respectively). For such reactions, a different theoretical framework is being constructed and being tested. It has several features in common with the first type of theory, but also has certain differences arising from the different shape of the potential energy profiles in the two cases. A theoretical interpretation of the Bronsted slope, for example, is in one system given by (2.12) and in the other by (3.5). Theory and experiment have much to profit by continuing for these reactions the useful partnership they have enjoyed in the past decade for weak-overlap electron transfers. in ref. (14) of Hoytink, i.e., in R. A. Marcus 
